Unique tripodal S-donor capping agents with an attached carboxylate are found to bind tightly to the surface of CdSe nanocrystals (NCs), making the latter water soluble. Unlike that in similarly solubilized CdSe NCs with one-sulfur or two-sulfur capping agents, dissociation from the NC surface is greatly reduced. The impact of this behavior is seen in the photochemical generation of H 2 in which the CdSe NCs function as the light absorber with metal complexes in aqueous solution as the H 2 -forming catalyst and ascorbic acid as the electron donor source. This precious-metalfree system for H 2 generation from water using [Co(bdt) 2 ]
Unique tripodal S-donor capping agents with an attached carboxylate are found to bind tightly to the surface of CdSe nanocrystals (NCs), making the latter water soluble. Unlike that in similarly solubilized CdSe NCs with one-sulfur or two-sulfur capping agents, dissociation from the NC surface is greatly reduced. The impact of this behavior is seen in the photochemical generation of H 2 in which the CdSe NCs function as the light absorber with metal complexes in aqueous solution as the H 2 -forming catalyst and ascorbic acid as the electron donor source. This precious-metalfree system for H 2 generation from water using [Co(bdt) 2 ] − (bdt, benzene-1,2-dithiolate) as the catalyst exhibits excellent activity with a quantum yield for H 2 formation of 24% at 520 nm light and durability with >300,000 turnovers relative to catalyst in 60 h.
photochemistry | solar energy | catalysis | water splitting | quantum dots A rtificial photosynthesis (AP) represents an important strategy for energy conversion from sunlight to storage in chemical bonds (1) (2) (3) (4) . Unlike natural photosynthesis in which CO 2 + H 2 O are converted into carbohydrates and O 2 , the key energy-storing reaction in AP is the splitting of water into its constituent elements of hydrogen and oxygen (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . As a redox reaction, water splitting can be divided into two half-reactions, of which the light-driven generation of H 2 is the reductive component. Many systems for the photogeneration of H 2 have been described over the years and they typically consist of a light absorber, a catalyst for H 2 formation, and sources of protons and electrons. For systems that function in aqueous media, the protons are provided by water, whereas for nonaqueous systems, the protons are provided by weak, generally organic acids. The source of electrons in these photochemical systems is generally a sacrificial electron donor-that is, a compound that decomposes following one electron oxidation.
Reports of the light-driven generation of hydrogen date back more than 30 y, beginning with a multicomponent system containing [Ru(bpy) 3 ] 2+ (where bpy is 2,2′-bipyridine) as the chromophore or photosensitizer (PS) and colloidal Pt as the catalyst for making H 2 from protons and electrons (17) . In these and many subsequent systems, electron mediators were used to accept an electron from the excited chromophore, PS*-thereby serving as an oxidative quencher-and transfer it to the catalyst. Whereas two of the initial mediators were bpy complexes of rhodium and cobalt (17, 18) , the overwhelming majority of electron mediators in these systems were dialkylated 2,2′-and 4,4′-bipyridines and their derivatives (19) (20) (21) (22) . The most extensively used of these mediators was methyl viologen (MV 2+ , dimethyl-4,4′-bipyridinium, usually as its chloride salt). These mediators were subsequently found to undergo deactivation in their role by hydrogenation (23, 24) . The sacrificial electron donors used in these studies depended on system pH and were generally based on compounds having tertiary amine functionality for decomposition following oxidation, such as triethylamine (TEA), triethanolamine (TEOA), and ethylenediamine-N,N, N′,N′-tetraacetic acid (EDTA) (17, (19) (20) (21) (22) . A different electron mediator during the early studies on light-driven generation of hydrogen was found to be TiO 2 , which when platinized served as both the mediator and the catalyst (25) (26) (27) (28) .
During the more than three decades that have passed since the initial reports (17, (19) (20) (21) (22) (25) (26) (27) , every aspect and component of photochemical proton reduction systems have been investigated with the goal of increasing activity and durability. These include new molecular catalysts and different photosensitizers ranging from other metal complexes with long-lived charge-transfer excited states to strongly absorbing organic dyes. With a view toward the possible long-term utilization of hydrogen from solardriven water splitting, efforts have expanded over the past decade to use components that contain only earth-abundant elements and thus to remove Pt, Pd, Ru, Ir, and Rh from such systems. In this regard, photochemical proton reduction systems have been reported in which complexes of cobalt, nickel, and iron are found to function as catalysts for hydrogen generation (18, (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) . A number of these complexes were inspired by the active sites of hydrogenase enzymes in which Fe is, and Ni may be, present, and a pendant organic base is thought to help as a proton shuttle to a postulated metal-hydride intermediate for H 2 formation (30, 31, 35, 37, 42, 43) .
Another set of complexes investigated as catalysts for proton reduction are complexes of Co having diglyoxime-type ligands that form a pseudomacrocyclic structure (that is, two diglyoxime ligands linked together by either H bonds or BF 2 bridges) (44) (45) (46) (47) (48) (49) (50) (51) (52) (53) (54) . Although many of these studies with regard to catalyst development were, and are, based on electrocatalytic generation of H 2 (44) (45) (46) (47) (48) (49) (50) , more recent efforts have used the cobaloxime catalysts
Significance
Conversion of solar energy into chemically stored energy via artificial photosynthesis (AP) represents a key strategy in renewable energy. Systems for AP that split water reduce aqueous protons to H 2 fuel and oxidize water to make O 2 . The present study on the light-driven generation of H 2 describes a new, highly active, and durable system with components made solely of earth-abundant elements. The light absorber in this system consists of quantum-confined CdSe nanocrystals that are made water soluble through surface binding agents. Realization of the effects of surface ligand exchange on system activity stimulated the new compounds reported here that bind more strongly to the nanocrystals through tridentate coordination and allow assessment of catalyst activity for H 2 generation.
in light-driven systems (51) (52) (53) (54) . Photosensitizers in these investigations have been either charge transfer metal complexes of Ru (II), Ir(III), Re(I), and Pt(II) or organic dyes. Although some of these systems exhibited significant activity for making H 2 , all of them suffered from instability that led to cessation of activity after periods ranging from 6 h to 30 h.
The use of the cobaloxime catalyst CoCl(pyr)(dmg) 2 (where dmg is dimethylglyoximate anion) in conjunction with organic dyes as PS provided the first molecular systems for visible lightdriven proton reduction to H 2 that were free of precious metals (55) (56) (57) . The most effective of these used a Se-derivatized rhodamine dye as the chromophore with TEOA as the sacrificial electron donor, yielding good activity with an initial turnover frequency (TOF) > 5,000/h (vs. PS) and total turnover number (TON) of 9,000 after 8 h (57). Analysis of this system revealed that it functioned via reductive quenching of PS* by TEOA and subsequent electron transfer from PS -to the catalyst. Another organic dye-catalyst system that also exhibited good activity used fluorescein (Fl) as PS and a nickel pyridinethiolate (pyS) catalyst in pH 11 media with TEA as the sacrificial donor. This system also was found to function via reductive quenching of PS* by the electron donor, rather than by direct electron transfer from PS* to the catalyst or an electron mediator (37) . A significant number of reviews provide detailed accounts of the various systems studied and their effectiveness with regard to H 2 generation (1, (58) (59) (60) (61) (62) (63) (64) . However, all of them, which contain molecular light absorbers [charge transfer (CT) metal complexes and organic dyes], suffer from photoinstability during prolonged irradiation. Additionally, the molecular catalysts for H 2 generation may undergo deactivation, as has been established for the Co glyoximate complexes.
In an analysis for genuinely viable systems for proton reduction and water oxidation in solar-driven water splitting, Bard and Fox addressed the question of component stability and indicated a need to focus on the use of semiconductors (SCs) as light absorbers based on the wide energy range of SC bandgaps, the electron transfer properties of excited semiconductors, and their potential stability under prolonged irradiation (65) . Although the use of semiconductors for photochemical water splitting dates back to a report by Fujishima and Honda in 1972 with TiO 2 and UV light, the challenge was to use SCs with absorption maxima that better matched the solar spectrum (66) . There have been numerous reports describing efforts in this direction and several recent reviews offer a summary of systems used and results obtained (67) (68) (69) (70) (71) (72) (73) (74) (75) . Semiconductor nanoparticles that exhibit size-constrained electronic properties represent a large and important class of possible light absorbers for the two half-reactions of water splitting. These nanoparticles, which are referred to as quantum dots (QDs) and nanocrystals (NCs), represent a fertile area of study in the context of energy conversion because their bandgaps can be adjusted via their preparation and their solubility can be controlled by their surface stabilizers or capping agents (76) . In this way, NCs can offer unique size-dependent optical properties and stronger light absorption over a wider spectral range than do molecular PSs (68, 76) . In fact, NCs as light absorbers in combination with precious metal proton reduction catalysts or with Fe-Fe hydrogenase have been studied, yielding interesting photocatalytic systems (77) (78) (79) (80) (81) .
We recently communicated such a system for carrying out H 2 formation from aqueous protons that possessed great durability and impressive activity. The light absorber in this system was water-solubilized CdSe NCs, the catalyst was an in situ-formed complex of Ni 2+ with the water-solubilizing agent dihydrolipoic acid (DHLA), the electron source was ascorbic acid (AA), and the system medium was water at pH 4.5. TONs of more than 600,000 were reported for one set of conditions, using 520 nm light, whereas for a different set of conditions durability over 15 d was found (82) . Water solubilization of CdSe NCs using agents such as 3-thiopropionic acid and DHLA has been known for some time, with DHLA more strongly binding via chelation (83) (84) (85) . In the system that we previously reported for H 2 production, however, dissociation of DHLA from the CdSe NCs was an essential aspect of its operation to form the Ni-DHLA catalyst (82) . On the other hand, the dissociation of DHLA from the CdSe NCs was also found to negatively affect the examination of preformed catalysts because of competing exchange reactions involving DHLA and the catalyst ligands.
In our current study, we report a unique hydrogen-generating system using CdSe NCs with much less labile water-solubilizing capping agents. This unique system, which is more durable, allows assessment of the activity of successful H 2 -generating catalysts that had been established electrochemically or in a different photochemical system. The reduced lability of the watersolubilizing agent is based on having three S donors in close proximity to each other for the formation of a more stable bridging structure to the CdSe nanoparticle.
Results and Discussion
The capping agents and their syntheses are shown in Scheme 1. For 1, pentaerythritoltribromide is first oxidized to the corresponding pivalic acid derivative, after which the Br substituents are replaced by the corresponding SH groups (see Materials and Methods for details). For 2, pentaerythriotoltribromide is first reacted with sodium iodoacetate to form an ether linkage between the tribromo and acetic acid fragments. The Br substituents are replaced in the following steps with SCN and then reduced to SH, resulting in the formation of ligand 2 (see Materials and Methods for details). The NMR data for both 1 and 2 fit well for the proposed molecular structures and elemental analytical data match with the calculated values (SI Appendix, Figs. S3 and S6 and Materials and Methods). Electrospray ionization mass spectrometry Scheme 1. Synthesis of tridentate capping agents 1 and 2 with yields for individual steps.
(negative mode) of 1 and 2 shows molecular ion signals at 197.18 and 241.18, corresponding to (1-H) -and (2-H) -, respectively. Crystallographic structural determinations of 1 and 2 also confirm the identities and structures of the two capping agents (SI Appendix).
It should be noted that a similar water-solubilizing capping agent with the same arrangement of S donors has been reported previously in the use of chalcogen-based nanoparticles for in vivo imaging. In that particular study, water solubilization was made possible by a long polyethylene glycol (PEG) chain attached to the pentaerythritol O-atom (86) . However, because of the need for electron transfer between the CdSe NCs and the catalyst in the present study, we chose to use the short linkages to hydrophilic carboxylates in 1 and 2 for water solubilization. The same arrangement of the (HSCH 2 ) 3 C-moiety has also been used to make branched organometallic structures in which the S-donor atoms bridge adjacent metal atoms (Rh, Ir) as envisioned for the CdSe NCs binding (87) .
Aqueous solubilization of the CdSe NCs using 1 and 2 was conducted according to previously reported procedures (82) . First, trioctylphosphine oxide (TOPO)-capped CdSe NCs were synthesized following a literature procedure (82, 88) and characterized by UV-vis spectroscopy (Materials and Methods). The size of the NCs thus generated was in the range of 2.5-2.7 nm with an energy difference between the valence band (VB) and the conduction band (CB) edges of ∼2.4 eV. Exchange of the TOPO ligand for 1 or 2 is done in MeOH followed by precipitation upon the addition of ethyl acetate, centrifugation, and redissolution in water. The exchange process does not affect the size of the NCs, as determined from UV-vis spectra of the NCs before and after exchange (Fig. 1) . The hydrophilic carboxylate groups of 1 and 2 make the NCs to which they are bound soluble in slightly basic aqueous solution. Care must be taken during purification of 1-and 2-bound CdSe NCs that all free hydrophilic capping agents in solution have been removed. The absence of dissociation of 1 or 2 from the surface is supported by a 1 H NMR experiment in which resonances of the capping agent are not detected in solution after 24 h (Materials and Methods), in contrast to the direct observation of DHLA resonances when the experiment is carried out with DHLA-CdSe NCs. Once purified, 1-and 2-CdSe NCs are stable under atmospheric conditions and can be stored for long periods in a freezer without direct irradiation of light.
Following successful synthesis of the S 3 -capped NCs, their activity in the photochemical reduction of aqueous protons to H 2 was examined. The initial conditions used were similar to those in the earlier report of the system composed of DHLA-CdSe NCs and aqueous soluble Ni(NO 3 ) 2 as the catalyst precursor for H 2 generation. The specific conditions were 1 μM of Ni(NO 3 ) 2 , 6 μM of 1-or 2-capped CdSe NCs (525 nm), and 0.3 M AA at pH 4.5 with irradiation from green light-emitting diodes (LEDs) (λ= 520 nm, 13 mW/cm 2 ) at 15°C. Yields of H 2 from this system were relatively small ( Fig. 2) because of the much reduced dissociation of 1 or 2 from the NC surface, thereby eliminating the possibility of in situ generation of an active Ni catalyst for hydrogen formation. This view was confirmed when DHLA (2 equivalents) was added to the systems, resulting in very substantial increases in H 2 produced as a consequence of the formation of the Ni-DHLA catalyst that had been postulated to form (Fig. 2) . This result clearly indicates the importance of DHLA dissociation and exchange in the previously reported system and the relative inertness of 1 and 2 from the NC surface in the present system (82) . The addition of 2 equivalents of 1 to the 1-CdSe/Ni(NO 3 ) 2 /AA system also resulted in an increase in activity of H 2 generation (SI Appendix), which clearly supports the view that there is no dissociation of 1 from the NC surface to bind with Ni 2+ . The inertness of 1 and 2 from the CdSe NCs allows an examination of previously reported molecular catalysts in a CdSe NC-photosensitized system without interference of free capping agent in solution and consequent ligand/capping agent exchange reactions that can occur on the catalyst as was found when DHLA was used. This is seen dramatically for the Co bis dithiolene complex [Co(bdt) 2 ]
-(Scheme 2), which is an excellent catalyst for photochemical hydrogen generation when used with [Ru(bpy) 3 ] 2+ as the photosensitizer and AA as the sacrificial electron-donating agent. Despite its activity, this specific system was not long-lived (<6 h) as a result of photosensitizer and catalyst decomposition (38, 39) . The deleterious effect of ligand/ capping agent exchange was observed when the [Co(bdt) 2 ] -catalyst was used with the DHLA-CdSe NCs as the photosensitizer. Although the initial activity of the system was high, it diminished rapidly. Because the loss of activity could not be due to decomposition of the DHLA-CdSe photosensitizer, the decline in performance appeared to be due to the [Co(bdt) 2 ]
-catalyst. This was confirmed by the addition of [Co(bdt) 2 ]
-to the system following the loss of activity in H 2 generation, leading to restoration of activity as shown in Fig. 3A n-species (x = 1 or 2), after which complete substitution of bdt 2-by DHLA at the Co ion occurs. Whereas the spectroscopic experiment indicates slow ligand exchange at Co, the photochemical generation of H 2 involves reduction of Co from formally 3+ to lower oxidation states that are more labile for ligand substitution. We conclude that DHLA substitutes for the bdt ligand at the Co ion, forming a complex that is greatly reduced in catalytic activity for H 2 generation.
The second set of experiments was based on the inertness of the tripodal capping agents 1 and 2 from the surface of CdSe NCs coupled with the excellent catalytic activity of [Co(bdt) 2 ]
-. As shown in Fig. 4 , systems composed of 1-and 2-CdSe NCs (5.0 μM), [Co(bdt) 2 ]
-(0.8 μM), and AA (0.5 M) in H 2 O (5.0 mL) at pH 4.5 upon irradiation with 520 nm light produced H 2 with TONs over 300,000 (60 h) and TOFs of more than 5,500/h for 30 h. No loss of activity was observed over 30 h and only a slight decline thereafter as the concentration of AA decreased. After photolysis, the NCs were separated from the catalytic solutions by centrifugation. Upon addition of water to the centrifuged NCs and adjustment of the pH of the medium to slightly basic, a clear solution was obtained that showed an absorption spectrum similar to ones of the original NC solutions (SI Appendix, Fig. S11 ). Here it should be noted that the analogous DHLA-CdSe NCs after photolysis became insoluble, possibly due to dissociation of DHLA from the NCs' consequent aggregation (82) -/AA system to which DHLA (2 eq relative to catalyst) was added. The system proved to have significantly diminished activity (SI Appendix, Fig. S12 ), consistent with the notion of DHLA/bdt exchange at Co leading to formation of a substantially less active catalyst.
To address the question of whether the catalyst was free in solution or bound in some manner to the photosensitizer, the 1-CdSe NC/[Co(bdt) 2 ] -/AA system was examined following H 2 photogeneration. Specifically, after irradiation of the system, the NCs were separated from the aqueous solution by centrifugation. Neither the separated NCs nor the centrifuged solutions were found to have significant H 2 -generating activity after adding aqueous ascorbic acid (0.5 M) to each. However, upon the addition of fresh [Co(bdt) 2 ]
-to the centrifuged NCs or the addition of 1-CdSe NCs to the centrifuged solution, both samples regained activity that was within 10% of the initial value (SI Appendix, Fig. S13 ). Any deviation in activity appears to be within the limits of instrumental and reconstitution errors, with H 2 evolution plots showing constant activity. From these experiments, we conclude that the system is biphasic with the [Co(bdt) 2 ]
-catalyst remaining in solution and the CdSe NCs maintaining their solid-phase integrity during the light-driven generation of H 2 .
The absence of dissociation of 1 or 2 from CdSe NCs to which they are bound made possible an examination of different catalyst complexes. (38) . The two chlorinated complexes exist in the solid state as dimers with each Co ion having a 5-coordinate tetragonal pyramidal geometry (the Co-S apical bond is to the other CoL 2 moiety). Dimerization of this type has been seen previously for CoL 2 -derivatives in which the dithiolene ligand appears to be less donating than bdt based on the CoL 2 -/2-couple (38, 89).
Use of Ni(pyridylthiolate) 3
-as a Catalyst. Another complex that has been found to be active as a molecular catalyst for H 2 production is [Ni(pyS) 3 ]
-(pyS, pyridylthiolate; Scheme 2) in a system with Fl as the light absorber and TEA as the sacrificial electron donor at pH 11 (37) . In this system, the excited dye Fl* is quenched reductively by TEA, after which electron transfer occurs from the reduced dye to the Ni catalyst. Other derivatives have recently been reported for this catalyst that functions by dechelation and pyridine protonation (90) . When [Ni(pyS) 3 ]
-was used as a catalyst with DHLA-CdSe NCs and ascorbic acid at pH 4.5, H 2 -generating activity was observed similar to that found when Ni(NO 3 ) 2 was used as the catalyst, suggesting possible formation of the Ni DHLA catalyst by DHLA substitution of pyS -. This notion was supported by the observation that when [Ni(pyS) 3 ] -was used with 1-CdSe NCs, the activity was greatly reduced, and when DHLA was added to the system, an increase in H 2 -generating activity was found (SI Appendix, Fig. S14) . Again, the importance of ligand exchange from the NC surface to the potential catalyst is supported by this set of experiments.
Electron Transfer from 1-and 2-CdSe NCs upon Irradiation. A central question regarding the photosensitizer in any system for the light-driven reduction of protons is whether following its formation, PS* transfers an electron to the catalyst (or an electron mediator) or accepts an electron from the sacrificial electron donor (or an electron mediator). The former is oxidative quenching of the excited state whereas the latter is reductive quenching. For the previously reported DHLA-CdSe NCs/Ni (NO 3 ) 2 /AA system, it was determined that irradiation of DHLACdSe NCs in the presence of known electron acceptors led to spectroscopic observation of the reduced electron acceptors. For the light absorbers 1-and 2-CdSe NCs in the present study, it was found that both MV 2+ and DQ 2+ (where MV 2+ is dimethyl-4,4′-bipyridinium and DQ 2+ is N,N′-(1,3-propylene)-5,5′-dimethyl-2,2′-bipyridinium) are converted into their respective cation radicals when a solution containing them and 1-or 2-CdSe NCs is irradiated with 520 nm light. The radical cations MV + and DQ + , which are blue and pink, respectively, were identified both visually and spectroscopically (SI Appendix, Fig. S16 ). The reduction potential for DQ 2+ [−0.7 V vs. normal hydrogen electrode (NHE)] is more negative than that for MV 2+ (−0.44 V vs. NHE) (91) , indicating that the conduction band electron from CdSe NCs must be more negative than −0.7 V vs. NHE. These measurements are consistent with published cyclic voltammetric studies that indicate a reduction potential more negative than −1 V for CdSe NCs of this size (92 -and related dithiolenes in terms of the steps leading to H 2 generation (94). According to Solis and Hammes-Schiffer, following initial reduction, the Co bis dithiolene complex undergoes protonation at one of the S donors. Depending on the nature of the dithiolene, the resultant Co(H-dithiolene)(dithiolene) -species will undergo either a second protonation or a 1 e -reduction. If the former, this step is followed by a 1 e -reduction; if the latter, this step is followed by a second protonation. The question of whether to undergo a second protonation or a 1 e -reduction is based on the donicity of the dithiolene. With bdt 2-, it appears that a second protonation is favored, whereas with a more electron-withdrawing ligand such as mnt 2-(mnt, maleonitriledithiolate) the 1 e -reduction is preferred. In either case, the paths lead to an intermediate that is formally Co(I) with two protonated dithiolenes. All of the elements for H 2 have been assembled at the catalyst. A proton transfer within this intermediate yields a Co (III)-H(SH) species that is set for heterocoupling of H -and H + to give H 2 with regeneration of the Co(dithiolene) 2 -monoanion. Based on the order of activity that we find-i.e., [Co(tdt
--and the fact that the conduction band electron from excited CdSe NCs is energetic enough to reduce all of the [Co(bdt) 2 ]
-derivatives and diprotonated derivatives, we speculate that the heterocoupling step may be the turnover-limiting step and that the more hydridic the Co hydride intermediate is, the faster the H --H + coupling to yield H 2 . The observed order of activity would be consistent with this analysis with the most difficult to reduce complex,
-, giving the most basic Co(I) and the most hydridic intermediate. Although a basis for understanding the current system has been developed, more work remains to be done in testing experimentally the proposed mechanism of formation.
Very recently, another system using water-solubilized CdSe QDs as the photosensitizer has been reported by Wu et al. (95) . The water-solubilizing agent is 3-mercaptopropionic acid (MPA) whereas the catalyst is an Fe 2 S 2 hydrogenase mimic bound to polyacrylic acid and the electron donor is AA. The light used was 450 nm from a blue LED source with the QDs having an excitonic maximum at 470 nm. Although the relative activity and quantum yield for H 2 generation are lower than those reported here and previously, the results cannot be compared directly because of many differences in the conditions and analyses. It is evident that this system has significant amounts of free MPA in solution during photolysis, which can undergo ligand exchange with the catalyst. For comparison, an Fe catalyst different from the one used by Wu et al. was examined by us, using the system employed in the present study. Our results indicate that Fe
-(SI Appendix, Fig. S17 ).
Conclusions
The principal conclusion from the study described in this paper is that the dynamics of surface stabilizing and solubilizing agents are important in the analysis of any system in which semiconductor NCs are used as the light-absorbing photosensitizer. Through the use of capping agents 1 and 2 with a -C(CH 2 -S -) 3 motif, dissociation from the surface has been made negligible, thereby removing any exchange reactions between the solubilizing agent and ligands on the catalyst in solution. This type of exchange was found to influence negatively the behavior of Co bis dithiolene catalysts and affect positively the activity of potential Ni catalysts by formation of a Ni-DHLA complex in situ (82) . The absence of capping agent dissociation from 1-and 2-CdSe made possible a meaningful examination of [Co(bdt) 2 ] -and several derivatives as H 2 -generating catalysts. The activity of these catalysts was found to increase with increasing donicity. The activity and stability of systems having NCs capped with agents such as 1 and 2 as photosensitizers raise the possibility of these components functioning in an artificial photosynthetic water-splitting system.
Materials and Methods
Materials. All starting materials were purchased from Aldrich unless otherwise mentioned. Pentaerythritoltribromide was purchased from AK Scientific and used without further purification. All solvents were dried before use. For photocatalytic experiments, deionized water was used. The syntheses of CdSe-TOPO NCs, ( 
Instrumentation.
1 H NMRs were recorded on a Bruker Avance 400-MHz spectrometer and referenced to either a residual proton resonance of the deuterated solvent or tetramethylsilane as an internal standard. UV-vis spectra were recorded on a Cary 60 UV/vis spectrophotometer, using a 1-cm path length quartz cuvette in acetonitrile. Elemental analyses were performed using a PerkinElmer 2400 Series II Analyzer.
Preparation of 3-Bromo-2,2-bis(bromomethyl)propanoic Acid. The synthesis of this compound followed the reported procedure with minor changes (96) . A mixture of 12 mL of conc. HNO 3 and fuming HNO 3 (9:1) was heated to 70°C. To this mixture, 3.0 g (0.009 mol) of pentaerythritoltribromide was added over 15 min. The mixture was then heated at 90°C for 3 h, during which fumes of brown nitrogen dioxide evolved. The warm reaction mixture was poured into 150 mL iced water with vigorous stirring. A white powder precipitated from the solution and was collected by filtration, followed by washing three times with ice-cold water, and dried under vacuum. Yield was 2.80 g (90% Synthesis of 2-(3-Bromo-2,2-bis(bromomethyl)propoxy)acetic Acid. Ten grams (31 mmol) of pentaerythriotol tribromide and 6.5 g (31 mmol) of sodium iodoacetate were mixed together and degassed, followed by the addition of 50 mL of dry tetrahydrofuran. The mixture was kept at -78°C and 20 mL n-butyl lithium solution (1.6 M in hexane) was added dropwise over 1 h. After the addition, the reaction mixture was stirred at room temperature overnight. The reaction mixture was treated with 50 mL of water and 4 N hydrochloric acid to adjust the pH to ∼4 and then extracted with ethyl acetate (3 × 100 mL). Synthesis of 2-(3-Thiocyanato-2,2-bis(thiocyanatomethyl)propoxy)acetic Acid. Two grams (5.2 mmol) of 2-(3-bromo-2,2-bis(bromomethyl)propoxy)acetic acid was added to a solution of potassium thiocyanate (3.0 g) in N,N-dimethylformamide (15 mL) at 100°C under dinitrogen atmosphere. The temperature was then raised to 140°C and maintained for 30 min. The reaction mixture was then cooled to room temperature and stirred overnight. The resulting suspension was diluted by adding 100 mL of water and extracted with ether (3 × 50 mL). The combined ether layers were washed with brine (2 × 50 mL) and dried over anhydrous MgSO 4 . Evaporation of solvent under reduced pressure gave 2-(3-thiocyanato-2,2-bis(thiocyanatomethyl)propoxy) acetic acid as a pale yellow solid (1.41 g, 85%). Elemental analyses Calcd. for C 10 Synthesis of 2-(3-Mercapto-2,2-bis(mercaptomethyl)propoxy)acetic Acid (2) . To a solution of 2-(3-thiocyanato-2,2-bis(thiocyanatomethyl)propoxy)acetic acid (1.0 g, 3 mmol) in 25 mL absolute ethanol was added 1.5 g (39 mmol) of NaBH 4 in small portions with stirring at room temperature. After stirring for 1 h at room temperature, the mixture was heated to reflux for 5-6 h. The reaction mixture was then cooled to room temperature and diluted with 100 mL of water. The pH of the resultant solution was adjusted to ∼4 by addition of 1 M HCl and extracted with ether (100 mL). The ether layer was washed with water (50 mL) and dried over anhydrous Na 2 Hydrogen Evolution Studies. Samples were prepared in 40-mL scintillation vials and protected from light before use. Total volume of the solution in each sample was 5 mL, the pH adjusted by the addition of HCl or NaOH. The samples were placed into a temperature-controlled block at 15°C and sealed with an air-tight cap fitted with a pressure transducer and a rubber septum. The samples were then purged with a mixture of gas containing 4:1 N 2 /CH 4 . The methane present in the gas mixture serves as an internal reference for GC analysis at the end of the experiment. The samples were irradiated from below the vials with high-power Philips LumiLED Luxeon Star Hex green (520 nm) 700-mA LEDs. The light power of each LED was set to 70 mW and measured with an L30 A Thermal sensor and a Nova II power meter (OphirSpiricon). The samples were swirled using an orbital shaker. The pressure changes in the vials were recorded using a Labview program from a Freescale semiconductor sensor (MPX4259A series). At the end of the experiment, the headspace of the vials was characterized by gas chromatography to ensure that the measured pressure change was a consequence of hydrogen generation and to confirm that the amount of hydrogen calculated by the change in pressure corresponded to the amount determined by GC. The amounts of hydrogen evolved were determined using a Shimadzu GC-17A gas chromatograph with a 5-Å molecular sieve column (30 m, 0.53 mm) and a thermal conductivity detector and were quantified by a calibration plot to the internal CH 4 standard.
Synthesis of 1-or 2-Capped CdSe NCs. A total of 570 μL of 25% tetraethyl ammonium hydroxide was added to 10 mL of methanol containing 200 nmol of CdSe-TOPO. The mixture was degassed by bubbling N 2 through the solution and kept under a stream of N 2 . Eighty milligrams of 1 (or for 2-CdSe, 100 mg of 2) was dissolved in 2 mL of dry methanol, degassed, and added by cannula to the previously degassed mixture of CdSe-TOPO and base. The mixture was then heated at 65°C for 6 h under inert atmosphere. The 1-or 2-capped CdSe NCs were precipitated from the methanolic solution by the addition of ethyl acetate and separated by centrifugation (3,399 × g). The procedure was repeated twice more to ensure the removal of all unreacted ligand. The washed 1-CdSe or 2-CdSe NCs were suspended in slightly basic water (pH ∼8.0) and stored in a freezer.
Characterization of the Quantum Dots. UV-vis absorption spectra were recorded on a Cary 60 UV/vis spectrophotometer. Aqueous quantum dot samples were dissolved in water solution and placed in a 1-cm path length cuvette. UVvis spectra of the TOPO-capped NCs were measured by using hexane as the solvent; whereas those of 1-CdSe or 2-CdSe were measured in water.
NMR Experiment on Tripod Capped CdSe. The pH of a 15.6-μM solution of 1-CdSe or 2-CdSe was adjusted to 4.5 by addition of HCl. The mixture was degassed well and stirred for 24 h. The NCs were removed by centrifugation (4,000 rpm) and solvent was evaporated. The residue was dissolved in 1 mL acetonitrile-d 3 containing 5.0 × 10 −7 mol of benzene as an internal standard.
The 1 H NMR spectrum was recorded on a Bruker Avance 400-MHz spectrometer, but resonances due to the capping ligand were not observed.
Quantum Yield Measurement. The difference between the light passing through the blank solution (containing 0.5 M AA at pH 4.5) and the sample containing 0.5 M AA and the CdSe NCs with varying concentrations at pH 4.5 was used to calculate the light absorbed by the NCs in each sample. The difference in power of the light P (in watts) was measured by using an L30
A Thermal Sensor and a Nova II power meter (Ophir-Spiricon). The average rate of the hydrogen production k (mol H 2 /s) was calculated from the amount of hydrogen generated from the first 10 h of light irradiation. The quantum yield ϕ for H 2 generation was calculated using the equation P = c × h × n λ × t ; q p = n=t q p = ðP × λÞ ðc × hÞ Quantum Yield ðφÞ = 2 × average rate of hydrogen production ðkÞ photon flux q p × 100 %, where λ is taken as 520 nm for the green LED light source, h is Plank's constant (Joules per sceond), c is the velocity of light (meters per second), n is the number of photons absorbed, t is the time (seconds), and q p is the photon flux (number of photons per second) absorbed by the NCs. The average of the quantum yields for identical samples was calculated with uncertainties based on the multiple measurements.
